The insulin-like growth factor receptor (IGF-IR) plays several pivotal roles in cancer. Although most studies on the function of the IGF-IR have been attributed to kinase-dependent signaling, recent findings by our group and others have implicated biological roles mediated by ubiquitination of the receptor. As previously reported, the E3 ligases Mdm2 and Nedd4 mediate IGF-IR ubiquitination. Here we show that c-Cbl is a novel E3 ligase for IGF-IR. On ligand stimulation, both Mdm2 and c-Cbl associate with IGF-IR and mediate receptor polyubiquitination. Whereas Mdm2 catalyzed lysine 63 (K63) chain ubiquitination, c-Cbl modified IGF-IR through K48 chains. Mdm2-mediated ubiquitination occurred when cells were stimulated with a low concentration (5 ng/mL) of IGF-I, whereas c-Cbl required high concentrations (50-100 ng/mL). Mdm2ubiquitinated IGF-IR was internalized through the clathrin endocytic pathway whereas c-Cbl-ubiquitinated receptors were endocytosed via the caveolin route. Taken together, our results show that c-Cbl constitutes a new ligase responsible for the ubiquitination of IGF-IR and that it complements the action of Mdm2 on ubiquitin lysine residue specificity, responsiveness to IGF-I, and type of endocytic pathway used. The actions and interactions of Mdm2 and c-Cbl in the ubiquitination and endocytosis of IGF-IR may have implications in cancer. In addition, identification and functional characterization of new E3 ligases are important in itself because therapeutic targeting of substrate-specific E3 ligases is likely to represent a critical strategy in future cancer treatment.
Introduction
Insulin-like growth factor I receptor (IGF-IR), a member of receptor tyrosine kinases (RTK), is a well-recognized mediator of tumor cell proliferation and survival and is associated with the regulation of cell growth, transformation, and apoptosis via phosphatidylinositol 3-kinase-Akt and RAS-RAF-mitogen-activated protein kinase signaling (1) (2) (3) (4) (5) . Phosphorylation of the receptor has for a long time been considered to be the most important activating signal; however, recent data have shed light on ubiquitination of IGF-IR and its role in mediating biological functions (4, (6) (7) (8) (9) .
Ubiquitination occurs in a sequence of three enzymatic steps (10, 11) . The initial step is the ATP-dependent formation of a thioester bond between the COOH terminus of ubiquitin and the active cysteine residue of a ubiquitin-activating enzyme (E1). Next, the activated ubiquitin is transferred to one of several different ubiquitin-conjugating enzymes (Ubc or E2) in an ATP-independent manner. The E2 enzymes are catalytically similar to E1 in that a thioester bond is formed with ubiquitin. The third and last step in ubiquitination is a reaction catalyzed by a ubiquitin-protein ligase (E3) in which an isopeptide bond between the COOH-terminal glycine of ubiquitin and the q-amino group of a lysine (K) residue on the target protein is formed. Multiple ubiquitin moieties are transferred through this cascade to generate a polyubiquitin chain. A ubiquitin molecule has seven lysine residues (K6, K11, K27, K29, K33, K48, and K63) that can serve as a base for chain elongation (12) . Furthermore, monoubiquitination (transfer of one single ubiquitin to one single lysine) or multiple monoubiquitination (transfer of several monoubiquitin molecules to multiple lysine residues) can occur. Based on current understanding, the K48 polyubiquitin chain, called canonical ubiquitination, makes the substrate recognizable for the 26S proteasome, leading to its degradation (13) . Ubiquitin chains based on other lysines, called noncanonical ubiquitination, have diverse functions. The best known example of noncanonical ubiquitination is K63-mediated polyubiquitination, which affects cellular signaling, DNA repair (14, 15) , and protein localization (16) . c-Cbl is a RING finger domain ligase that directs the multi-monoubiquitination, rather than the polyubiquitination, of activated epidermal growth factor receptor (EGFR) and platelet-derived growth factor (PDGF) receptor and ensures proper endosomal sorting and degradation of receptors in the lysosome (17) .
We have previously identified the role of E3 ligase Mdm2 in IGF-IR ubiquitination (6) . In this report, we could observe polyubiquitination of IGF-IR in cells overexpressing Mdm2. To our surprise, we could also detect polyubiquitination of the receptor in the absence of Mdm2, indicating the involvement of a separate ligase able to modify the IGF-IR with polyubiquitin chains. We found that c-Cbl induced polyubiquitination of IGF-IR but exhibited several distinct characteristics compared with Mdm2-associated ubiquitination.
EEA-1, used for confocal microscopy, were purchased from BD Transduction Laboratories. Monoclonal antibody to HA epitope was from Roche Diagnostics GmbH. FK1 mouse monoclonal antibody was from Affinity Research Products. Secondary IgM antibody was purchased from Abcam. Secondary antibody for confocal microscopy, Cy3-conjugated donkey antirabbit, was purchased from The Jackson Laboratory; Alexa Fluor 488conjugated goat anti-mouse was from Molecular Probes. Dynabeads protein G were purchased from Invitrogen. Protein G-Sepharose and IgG secondary antibodies were from Amersham. Unless stated otherwise, all other reagents were from Sigma.
Cell cultures. HEK293 cells and human osteosarcoma cell lines U2OS and SAOS2 were cultured in DMEM containing 10% fetal bovine serum (FBS; Life Technologies, Inc.), 10 mmol/L L-Glu, and antibiotics (100 units/ mL penicillin and 100 Ag/mL streptomycin). U2OS cells and SAOS2 cells were maintained in Iscove's modified Dulbecco's medium supplemented with 10% FBS, 25 mmol/L HEPES, 10 mmol/L L-Glu, and antibiotics (100 units/mL penicillin and 100 Ag/mL streptomycin).
Plasmids and small interfering RNA. For siRNA knockdown of endogenous Mdm2, siRNA molecules were generated with the Silencer siRNA construction kit (Ambion) and oligonucleotides 5 ¶-AATGATCTTCTAGGAGATTTGCCTGTCTC-3 ¶ (sense) and 5 ¶-AACAAATCTCCTAGAAGATCACCTGTCTC-3 ¶ (antisense).
Transient transfection. The DNA transfection was carried out with Mirus TransIT-LT1 transfection reagent (Mirus Bio Corporation) according to the manufacturer's instructions. Cells were grown to 70% confluency and transfected with 2-Ag DNA. The cells were incubated for 24 h in normal growth medium, followed by 24-h incubation in serum-free medium, and then stimulated with 5, 50, or 100 ng/mL of IGF-I. Cells were either lysed in lysis buffer (nondenaturing or denaturing lysis buffer) for immunoprecipitation or Western blot analyses or fixed for confocal analysis. RNA interference experiments were done with TransIT-TKO transfection reagent (Mirus Bio) according to the manufacturer's instructions (Mirus). DNA/RNA cotransfections were carried out with TransIT-LT1 transfection reagent (Mirus) in combination with TransIT-TKO transfection reagent (Mirus) according to the manufacturer's instructions.
Lysis buffers. Nondenaturing lysis buffer [0.5% Triton X-100, 0.5% deoxycholic acid, 150 mmol/L NaCl, 20 mmol/L Tris (pH 7.5), 10 mmol/L EDTA, 30 mmol/L sodium pyrophosphate, 10% glycerol, 50 mmol/L N-ethylmaleimide, 1 mmol/L phenylmethylsulfonyl fluoride, protease inhibitor cocktail tablet (Roche), and phosphatase inhibitors 1 and 2 (Sigma)] was used for expression analysis and coimmunoprecipitation analysis. Denaturing lysis buffer TSD [50 mmol/L Tris (pH 7.5), 1% SDS, 5 mmol/L DTT, 50 mmol/L MG132, 50 mmol/L N-ethylmaleimide, protease inhibitor cocktail tablet (Roche), and phosphatase inhibitor 1 and 2 (Sigma)] was used for the analysis of ubiquitination. For IGF-IR/phospho-caveolin coimmunoprecipitation, Triton X-100-insoluble, low-density, caveolinenriched fractions were lysed in n-octyl glycoside lysis buffer [10 mmol/L Tris (pH 7.5), 50 mmol/L NaCl, 60 mmol/L n-octyl glycoside, 1% Triton X-100, 2 mmol/L EDTA, 0,2% SDS, protease inhibitor cocktail tablet (Roche), and phosphatase inhibitors 1 and 2 (Sigma)].
SDS-PAGE and Western blot analysis. Cell lysates were extracted as described above. Protein samples were dissolved in sample buffer containing 0.0625 mol/L Tris-HCl (pH 6.8), 20% glycerol, 2% SDS, bromophenol blue, and h-mercaptoetanol. Samples corresponding to 50 to 100 Ag of cell protein were separated by 4% to 12% gradient SDS-PAGE. After SDS-PAGE, the proteins were transferred onto nitrocellulose membranes (Hybond) and blotted with the indicated antibodies. This was followed by washes and incubation with a horseradish peroxidase (HRP)-conjugated secondary antibody (Amersham) and detected with Hyperfilm-ECL (Amersham).
Immunoprecipitation. For coimmunoprecipitation, cell lysates were extracted as described above with nondenaturing or n-octyl glycoside lysis buffer. On addition of 5-AL Dynabeads, the samples were precleared for 1 h at 4jC on a rotator. The protein concentration of the resulting supernatant was determined by the bicinchoninic acid assay (BCA protein assay kit, Pierce) and the same amount of protein was incubated with Dynabeads protein G, previously attached to IGF-IRh antibody (Cell Signaling), overnight at 4jC. The n-octyl glycoside lysis buffer was diluted (1:10) with TNESV buffer [50 mmol/L Tris-HCl (pH 7.5), 1% NP40, 100 mmol/L NaCl, 2 nmol/L EDTA, 10 mmol/L N-ethylmaleimide protease inhibitor cocktail tablet (Roche), and phosphatase inhibitor 1 and 2 (Sigma)]. The immunoprecipitates were collected and the supernatant was discarded. The immunoprecipitates were washed thrice with nondenaturing lysis buffer. Sample buffer (1Â) for SDS-PAGE was added whereupon the samples were heated for 10 min at 70jC and further analyzed by Western blotting.
For Western blot analysis of IGF-IR ubiquitination, the cells were harvested in 100 AL of denaturing lysis buffer TSD [50 mmol/L Tris-HCl (pH 7.5), 1% SDS, 5 mmol/L DTT, 50 mmol/L N-ethylmaleimide, 50 Amol/L MG132, protease inhibitor cocktail tablet (Roche), and phosphatase inhibitors 1 and 2]. The lysates were heated at 98jC for 10 min and spun down in a microcentrifuge at 14,000 rpm. One hundred microliters of supernatant were diluted to a final concentration of 0.1% SDS with TNESV buffer [50 mmol/L Tris-HCl (pH 7.5), 1% NP40, 100 mmol/L NaCl, 2 nmol/L EDTA, 10 mmol/L N-ethylmaleimide protease inhibitor cocktail tablet (Roche), and phosphatase inhibitors 1 and 2 (Sigma)]. For Western blot analysis of p53 and EGFR ubiquitination, the cells were treated with the proteasome inhibitor MG132 for 2 h before harvesting.
In vitro ubiquitination assay. In vitro ubiquitination of IGF-IR was done as previously described (6) with a few changes. Recombinant glutathione S-transferase (GST)-Mdm2 and GST-c-Cbl were expressed in E. coli and purified with glutathione-Sepharose (Pierce). IGF-IR was isolated from human melanoma cell line DFB by harvesting in nondenaturing lysis buffer followed by immunoprecipitation of 2 mg of total protein per reaction with anti-IGF-IRh (Cell Signaling) and protein G-Sepharose (Amersham Pharmacia). Precipitates were extensively washed with LSLD buffer [50 mmol/L NaCl, 0.1% Tween 20, 10% glycerol, 50 mmol/L HEPES, and 20 mmol/L Tris (pH 7.5)], and in vitro reactions were done directly on the beads. The in vitro reactions contained 20 ng of human recombinant E1 (Boston Biochem), 200 ng of E2 (UbcH5B; Boston Biochem), 2 Ag of His-tagged wild-type (wt) or mutated ubiquitin (Boston Biochem), 5 mmol/L ATP, 5 mmol/L MgCl 2 , 0.1 mmol/L MnCl 2 , 1 mmol/L DTT, 1 unit of inorganic pyrophosphatase, 10 mmol/L creatine phosphate, and 2.5 units of creatine phosphokinase from rabbit muscle (Sigma), diluted in 50 mmol/L HEPES buffer (pH 7.5) to a final volume of 1 mL. The reactions were incubated on an end-over-end rotator at 37jC for 60 min and were washed thrice with LSLD buffer to eliminate unspecific binding. The immunoprecipitation samples were eluted with 1Â NuPAGE LDS Sample Buffer (Invitrogen). Ubiquitinated proteins were detected by Western blot analysis with anti-His-tag polyclonal antibody (BD Transduction Laboratories).
Fluorescence confocal microscopy. Transfected HEK293 cells were plated on 35-mm glass slides in 12-well dishes and serum starved 24 h before stimulation with IGF-I (5 or 100 ng/mL). Cells were fixed in 4% formaldehyde for 20 min, permeabilized with 0.2% Triton X-100 in PBS for 30 min, and blocked with blocking buffer [5% bovine serum albumin (BSA) blocker (Pierce), 5% donkey serum, and 0.3% Triton X-100 in PBS] for 30 min at room temperature. The fixed cells were incubated with primary antibodies, anti-IGF-IRh (diluted 1:20) and anti EEA-1 (diluted 1:50) or anti-IGF-IRh (diluted 1:20) and phospho-caveolin-1 (diluted 1:50), overnight. The primary antibody dilution buffer consisted of 1% donkey serum, 0.3% Triton X-100, and 0.1%
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Cancer Res 2008; 68: (14 NaN 3 in PBS. The appropriate secondary antibodies, donkey anti-rabbit conjugated with Cy3 (1:200 diluted in 2% BSA; The Jackson Laboratory) and Alexa Fluor 488-conjugated goat anti-mouse (1:200 diluted in 2% BSA; Molecular Probes), were used. Slides were mounted using Vectashield with 4 ¶,6-diamidino-2-phenylindole (Vector Labs), and images were acquired and processed as TIFF images in Adobe Photoshop (Adobe Systems, Inc.).
Degradation assay. Protein degradation was assessed by cycloheximide protein chase assay as previously described (7) . The stability of IGF-IR was examined by immunoblot analysis at 12 and 24 h after treatment with cycloheximide. The stability of Mdm2 and c-Cbl was analyzed 15 and 60 min after the addition of cycloheximide. The experiment was done in complete culture medium to follow protein down-regulation under physiologic conditions. The protein synthesis of the cells was subsequently inhibited with cycloheximide (50 mg/mL), which was maintained during the entire experiment (7) .
Results
c-Cbl is a novel ligase for IGF-IR. To investigate the Mdm2dependent ubiquitination of IGF-IR in greater detail, two human osteosarcoma cell lines, U2OS and SAOS2, were used. The rationale is that the expression level of Mdm2 differs substantially in these two cell lines: Whereas U2OS expresses high levels of Mdm2, SAOS2 is p53 negative and therefore exhibits very low Mdm2 expression (19, 20) . After serum starvation, the cells were stimulated with different doses of IGF-I (0-100 ng/mL) for 10 min followed by denaturing IGF-IR immunoprecipitation and analysis of ubiquitin modification by Western blot with anti-ubiquitin antibodies P4D1 and FK1, as described in Materials and Methods. Whereas P4D1 recognizes both polyubiquitinated and monoubiquitinated proteins, FK1 exclusively recognizes polyubiquitin chains, and not single ubiquitin moieties (17) . The emerging theme in studies on RTK ubiquitination is the identification of the specific type of modification (i.e., monoubiquitination, multiubiquitination, and/or polyubiquitination) because this may have relevance for the physiologic outcome. We can observe that IGF-IR is indeed polyubiquitinated as a response to both low-dose and high-dose ligand stimulation (Fig. 1A) . Interestingly, in U2OS cells expressing high levels of Mdm2, IGF-IR ubiquitination occurred after stimulation with low dose (5 ng/mL) and intermediate dose (50 ng/mL) of IGF-I, but did not appear on stimulation with high dose (100 ng/mL) of the ligand (Fig. 1A) . In SAOS2 cells, with very low expression of Mdm2, ubiquitination of the receptor was only seen after stimulation with 50 to 100 ng/mL of IGF-I. Furthermore, overexpression of Mdm2 in SAOS2 cells and knockdown of Mdm2 in U2OS completely changed the responsiveness to IGF-I for IGF-IR ubiquitination. Whereas Mdm2 overexpression in SAOS2 induced maximal receptor ubiquitination at low concentration of IGF-I, high ligand concentration was required in U2OS treated with siMdm2 ( Fig. 1B ). These data raise several different possibilities: (a) high ligand stimulation is required to recruit sufficient amounts of Mdm2 to the IGF-IR in SAOS2 cells due to very low expression of Figure 1 . Mdm2 and c-Cbl mediate IGF-IR polyubiquitination. A, the two human osteosarcoma cell lines SAOS2 (TP53 À/À ) and U2OS were serum starved for 24 h and stimulated with different doses of IGF-I (0-100 ng/mL) for 10 min. IGF-IR was immunoprecipitated and detected with anti-P4D1 (detecting total ubiquitin) or FK1 (detecting polyubiquitin chains) and anti-IGF-IR. B, top, SAOS2 cells were transfected with Mdm2 (+Mdm2) for 48 h and U2OS cells were transfected with siMdm2 (ÀMdm2 ) for 48 h. Cells were serum starved for 24 h and stimulated for 10 min with IGF-I (0-100 ng/mL). IGF-IR was immunoprecipitated and detected with P4D1 and IGF-IR antibodies. Bottom, expression levels of Mdm2, c-Cbl, and IGF-IR in SAOS2 (basal and after Mdm2 overexpression) and U2OS (basal and after Mdm2 knockdown). GAPDH was used as a loading control. C, in vitro ubiquitination of IGF-IR was done as described in Materials and Methods. Recombinant GST-Mdm2, GST-Nedd4, and GST-c-Cbl, as well as IGF-IR (isolated from DFB), were incubated together with His-tagged wild-type ubiquitin. Ubiquitinated proteins were detected by Western blot with anti-His-tag polyclonal antibody. D, SAOS2, U2OS, and HEK293 cells were grown under basal conditions. IGF-IR was immunoprecipitated and analyzed for c-Cbl, Mdm2, and IGF-IR by Western blot. Mdm2; (b) another/other ligase(s) also induce(s) ubiquitination of IGF-IR and this/these ligase(s) require(s) high ligand stimulation; or (c) this is due to other differences in these two cell lines. To investigate this issue in a ''cleaner system, '' we performed in vitro (cell-free) ubiquitination assay including three different ligases: Mdm2, Nedd4, and c-Cbl. Whereas Mdm2 and Nedd4 are already known E3 ligases involved in IGF-IR ubiquitination (6, 8) , c-Cbl plays a pivotal role in mediating ligand-induced ubiquitination of many other RTKs (21) (22) (23) (24) . As can be seen from Fig. 1C , c-Cbl induced IGF-IR ubiquitination in the in vitro system.
We also investigated whether c-Cbl is associated with IGF-IR. This experiment was done under basal conditions (i.e., in the presence of 10% serum). The h subunit of IGF-IR was isolated from U2OS and SAOS2 as well as from HEK293 cells by immunoprecipitation and detected by Western blot. As shown in Fig. 1D , c-Cbl is associated with IGF-IR in all three human cell lines. The findings that c-Cbl ubiquitinates and associates with IGF-IR are novel and deserve further detailed analysis.
Mdm2-induced versus c-Cbl-induced IGF-IR ubiquitination. To evaluate if c-Cbl mediates IGF-IR ubiquitination in vivo (cell system), HEK293 cells were transiently transfected with human HA-Mdm2 or HA-c-Cbl, serum starved, and stimulated with different doses of IGF-IR (0-100 ng/mL). IGF-IR was immunoprecipitated under denaturing conditions and analyzed for ubiquitin modification. In mock-transfected HEK293 cells, IGF-IR was ubiquitinated in response to both low and high doses of IGF-I ( Fig. 2A) . When Mdm2 was overexpressed, the receptor was ubiquitinated at 5 to 50 ng/mL, whereas c-Cbl overexpression mediated ubiquitination at 50 to 100 ng/mL IGF-I ( Fig. 2A ). This suggests that ubiquitination of IGF-IR at low IGF-I dose is mediated by Mdm2 and at high dose by c-Cbl. The expression levels of Mdm2, c-Cbl, and IGF-IR are shown in Fig. 2B .
Consistent with the ubiquitination data, we found that association of Mdm2 with IGF-IR occurs after 5 ng/mL IGF-I stimulation, whereas c-Cbl-IGF-IR association appears mainly after stimulation with high doses of ligand (100 ng/mL; Fig. 2C ). The association pattern of Mdm2 and c-Cbl with IGF-IR was independent of the overexpression of the two ligases ( Fig. 2D) .
We also performed cotransfection experiments in which either the plasmid DNA of one ligase and siRNA towards the other ligase or the plasmid of one ligase and dominant negative (DN) plasmid of the other ligase were introduced simultaneously. As can be seen in Fig. 3A , transfection of c-Cbl-siRNA, alone or along with Mdm2 overexpression, increased IGF-IR ubiquitination at a low dose of IGF-I, whereas siRNA against Mdm2, alone or in combination with c-Cbl overexpression, increased ubiquitination after stimulation with high-dose IGF-I (Fig. 3A, top) . Similar effects were achieved when the activities of Mdm2 and c-Cbl were down-regulated by DN constructs (Fig. 3A, bottom) . The expression levels of Mdm2, c-Cbl, and IGF-IR are shown in Fig. 3B . To exclude the possibility that the overexpression of one ligase promotes the ubiquitinationmediated degradation of the other ligase, we performed cycloheximide protein chase assay. Whereas the overexpression of both ligases increases the degradation rate of IGF-IR, the overexpression of c-Cbl has no effect on degradation of Mdm2, and vice versa (Fig. 3C ). Taken together, these results emphasize the roles of Mdm2 and c-Cbl in the ubiquitination of IGF-IR and suggest that they do not form a coregulation loop.
Furthermore, we evaluated whether overexpression of either Mdm2 or c-Cbl modifies the ligase activity of the other by analyzing the ubiquitination of known substrates of both ligases (p53 and EGFR as substrates for Mdm2 and c-Cbl, respectively). On c-Cbl overexpression in U2OS, the ubiquitination of p53 remains unchanged, indicating that Mdm2 activity is not affected (Fig. 3D , Figure 2 . Ligand dose-dependent ubiquitination and association of ligases with IGF-IR. A, HEK293 cells were transfected with empty vector (mock ), Mdm2 (+Mdm2 ), or c-Cbl (+Cbl ) for 48 h, serum starved for 24 h, and stimulated with different doses of IGF-I (0-100 ng/mL) for 10 min. IGF-IR was immunoprecipitated and detected by P4D1 and IGF-IR antibodies. B, the expression of Mdm2, c-Cbl, IGF-IR, and GAPDH was analyzed in mock-transfected, Mdm2-transfected, and c-Cbl-transfected HEK293 cells. The experiments were repeated with similar results. C, mock-transfected HEK293 cells were serum starved for 24 h and stimulated with different doses of IGF-I for 10 min. IGF-IR was immunoprecipitated and analyzed with antibodies to c-Cbl, Mdm2, and IGF-IR. D, HEK293 cells were transfected with either HA-tagged Mdm2 or HA-tagged c-Cbl for 48 h. The cells were serum starved for 24 h and stimulated with different doses of IGF-I for 10 min. IGF-IR was immunoprecipitated and analyzed with antibodies to HA or IGF-IR. HA and GAPDH from total lysate were used as controls.
top). Moreover, the enzymatic activity of c-Cbl is not modified by Mdm2 overexpression as shown in Fig. 3D (bottom) .
c-Cbl mediates the canonical ubiquitination and Mdm2 noncanonical ubiquitination of IGF-IR. Considering our finding that IGF-IR is polyubiquitinated (Fig. 1A) , we further examined the ligase activities of Mdm2 and c-Cbl in a series of in vitro reactions using mutated ubiquitin. We performed these experiments to specifically determine whether Mdm2 and c-Cbl use different lysine linkages (K48 or K63) in polyubiquitin chain formation. Briefly, human IGF-IR (isolated from melanoma cells, DFB), GST-tagged Mdm2, or GST-tagged c-Cbl was incubated in vitro together with recombinant human E1, the E2 enzyme UbcH5B, ATP, as well as His-tagged wt or mutated ubiquitin as indicated. If one lysine mutant (K48R or K63R) blocks ubiquitination, it would suggest that this specific lysine linkage (K48 or K63) is used. Mutated ubiquitin with only one lysine left to be conjugated, here indicated as K48 only or K63 only, was also used as an additional control. The specificity of the assay was confirmed using samples without ATP as negative controls. As seen in Fig. 4 , Mdm2 together with wt ubiquitin caused ubiquitination of IGF-IR. It also led to a clear accumulation of K63 polyubiquitination (K63 only). However, when K63R was used, no ubiquitination occurred (Fig. 4) . Furthermore, whereas the K48-only mutant did not cause IGF-IR ubiquitination via Mdm2, the K48R did. These results indicate that Mdm2 Research.
on July 31, 2017. © 2008 American Association for Cancer cancerres.aacrjournals.org Downloaded from mediates K63 polyubiquitination. Alternatively, when in vitro reactions were conducted using c-Cbl as ligase together with wt or K48 only ubiquitin, typical polyubiquitin smears of the IGF-IR were detected (Fig. 4) . Additionally, the mutant ubiquitin K63R, which has all the lysines but K63, could be conjugated to the IGF-IR. In contrast, the ubiquitin mutant K63 only and K48R were not conjugated. Together, these experiments suggest that Mdm2 mediates the formation of K63 polyubiquitin chains, whereas c-Cbl mediates the canonical ubiquitination (K48 polyubiquitin chain) of IGF-IR.
Mdm2 and c-Cbl mediate IGF-IR internalization through different pathways. To discriminate whether ubiquitination of IGF-IR through different ligases may play a role in regulating internalization, we looked at IGF-IR colocalization with the lipid raft/caveolar marker tyrosine phospho-caveolin-1 (pY14) and the early endosome marker early endosome autoantigen 1 (EEA-1) using coimmunoprecipitation and immunofluorescence confocal microscopy. Mock-transfected HEK293 cells and HEK293 cells transfected with Mdm2 and c-Cbl were serum starved for 24 hours and stimulated with 5 or 100 ng/mL of IGF-I. IGF-IR internalization was analyzed by double staining to assess the extent of colocalization of IGF-IR/phospho-caveolin-1 (Fig. 5A ) and IGF-IR/EEA-1 (Fig. 6A) , respectively. In starved HEK293 cells, caveolin-1 was not phosphorylated and, therefore, could not be seen. After stimulation with 5 ng/mL IGF-I, caveolin-1 was phosphorylated and, therefore, detectable as green dots in the cell membrane, but no colocalizations could be found. However, after stimulation with 100 ng/mL IGF-I, IGF-IR colocalization with phospho-caveolin-1 (yellow) occurred in perinuclear regions (3rd and 5th columns represent magnified characteristic square-labeled fields from 2nd and 4th columns). This result suggests that IGF-IR is partitioned into caveolae on stimulation with high-dose IGF-I. Interestingly, whereas Mdm2 overexpression decreased IGF-IR/phospho-caveolin-1 colocalization, at both low-dose and high-dose IGF-I, overexpression of c-Cbl increased this colocalization (Fig. 5A ). On the other hand, in mock-transfected cells, IGF-IR/EEA-1 colocalization was found mainly after low-dose IGF-I stimulation but was remarkably increased after Mdm2 overexpression. The IGF-IR/EEA-1 colocalization was decreased by c-Cbl overexpression (Fig. 6A) .
The results from confocal imaging shown in Figs. 5A and 6A are confirmed by coimmunoprecipitation experiments (Figs. 5B and  6B ). HEK293 cells, transfected with empty vector (mock), wt Mdm2, wt c-Cbl, DN Mdm2, and DN c-Cbl, on starvation and stimulation with 0, 5, or 100 ng/mL IGF-I, were immunoprecipitated with either phospho-caveolin ( Fig. 5B ) or IGF-IR ( Fig. 6B ) and detected with IGF-IR and EEA-1 antibodies, respectively. Consistently, IGF-IR was associated with phospho-caveolin after high-dose ligand stimulation, which increased on inhibition of Mdm2 by DN Mdm2 overexpression and c-Cbl overexpression (Fig. 5B ). Overexpression of Mdm2 and DN c-Cbl abolished this interaction. Furthermore, IGF-IR/EEA-1 association occurred after low-dose IGF-I stimulation, which slightly increased on Mdm2 and DN c-Cbl overexpression. Overexpression of c-Cbl and DN Mdm2 inhibited this interaction.
Taken together, our data indicate that IGF-IR after c-Cbl overexpression associates mainly with phospho-caveolin but poorly with clathrin, whereas on Mdm2 overexpression the opposite response occurs. Consistent with Fig. 6 , the IGF-IR interaction with EEA-1 was strongest after stimulation with 5 ng/mL IGF-I, and the IGF-IR interaction with phospho-caveolin most prominent at 100 ng/mL.
Discussion
In the present work, we have expanded our previous observation that Mdm2 functions as an E3 ligase for ubiquitination of IGF-IR (4), and show that c-Cbl, a known E3 ligase for other RTKs such as EGFR, PDGF receptor, and colony-stimulating factor-1 receptor, is also a ligase for IGF-IR. Our present data strongly suggest that the two ligases, Mdm2 and c-Cbl, play distinct roles in the ubiquitination of the receptor. By inhibiting one ligase using siRNA or DN constructs and overexpressing the other, we show that Mdm2mediated IGF-IR ubiquitination occurs after low-dose IGF-I stimulation, whereas c-Cbl-mediated ubiquitination occurs following high-dose IGF-I stimulation. By overexpressing only Mdm2, we found that IGF-IR ubiquitination was strongly increased at lowdose IGF-I stimulation, whereas ubiquitination at high dose could not be detected. The opposite occurred after c-Cbl overexpression, which suggests that the function of the corresponding endogenous ligase could be restricted in this system. However, by overexpressing both Mdm2 and c-Cbl simultaneously, the IGF-IR seems to be ubiquitinated at both low dose and high dose at similar levels. Hence, it remains to be determined if Mdm2 and c-Cbl cooperate or compete with each other in ubiquitinating the IGF-IR.
Both Mdm2 and c-Cbl associate with IGF-IR when stimulated with low-dose IGF-I; however, on high-dose stimulation, this In vitro ubiquitination of IGF-IR was done as described in Materials and Methods. Recombinant GST-Mdm2 and GST-Cbl, as well as IGF-IR (isolated from DFB), were incubated together with wild-type ubiquitin or the indicated mutants. Ubiquitinated proteins were detected by Western blot with anti-His polyclonal antibody. The experiments were repeated with similar results.
interaction is strongly enhanced in c-Cbl-overexpressing cells whereas it disappeared in cells that overexpress Mdm2. Furthermore, both ligases interact with IGF-IR under basal conditions, suggesting that they may play physiologic roles in IGF-IR function.
Our findings indicate that both ligases are capable of polyubiquitinating IGF-IR. The next question raised was if there is a preference for Mdm2-and c-Cbl-mediated polyubiquitination when it comes to the choice of the lysine residue used to form the ubiquitin chain.
Polyubiquitination and monoubiquitination have been reported to be involved in the internalization of several membrane proteins (25) . Haglund et al. (17) showed that the EGFR is multiply monoubiquitinated. However, Huang et al. (26) provided direct evidence, using tandem mass spectrometry, that more than 50% of all EGFR-bound ubiquitin was in the form of polyubiquitin chains. These polyubiquitin chains are primarily linked through K63 (26) .
Using various mutated ubiquitins in an in vitro ubiquitination assay, we show that Mdm2 modifies IGF-IR with K63 chain, whereas c-Cbl causes K48 ubiquitination of the receptor. We did not perform a corresponding in vivo experiment (i.e., studying IGF-IR ubiquitination after transfection with wt and mutated ubiquitin) due to the complexity of this system. The limitations of the in vivo approach are due to (a) high levels of endogenous ubiquitin expression that can interfere with the incorporation of mutant ubiquitin (26); (b) the abundance of cellular deubiquitination enzymes, which may render some ubiquitin chains more unstable than others (27) (28) (29) ; and (c) mammalian cells expressing mutant ubiquitin, which respond very differently from cells expressing only wild-type ubiquitin (30) .
Ubiquitination has been reported to play an important role in both the internalization and sorting of receptors (31) . Plasma membrane receptors can be endocytosed through clathrindependent or clathrin-independent (caveolae-mediated lipid raft route) pathways. Sigismund et al. (32) showed that EGFR, when stimulated with low-dose EGF, is not ubiquitinated and the receptor is internalized through the clathrin pathway. At higher concentrations of ligand, however, a substantial fraction of the EGFR is endocytosed through the lipid raft-dependent route as the receptor becomes ubiquitinated. It has also been reported that IGF-IR is located in lipid rafts/caveolae of the plasma membrane and can directly interact with and phosphorylate the major protein component in caveolae, caveolin-1, at tyrosine 14 (33) . Furthermore, it has been reported that IRS-1, a substrate for insulin receptor and IGF-IR, colocalizes with phospho-caveolin after IGF-I stimulation (34) . Therefore, one can speculate that the interaction between phospho-caveolin and IGF-IR may occur via IRS-1. The caveolin-1 association and phosphorylation seems to be IGF-IR specific because caveolin-1 was not recruited to the insulin receptor in IGF-IR knockout cells (35) . Moreover, Huo et al. (36) showed that disruption of lipid rafts/caveolae by depleting cellular cholesterol blocks the IGF-I receptor signaling in 3T3-L1 preadipocytes. Thus, there is evidence that IGF-IR can be internalized via both clathrindependent and caveolin-dependent routes. Figure 5 . Mediation of the caveolin internalization pathway. A, HEK293 cells were transfected with empty vector (mock), Mdm2, or c-Cbl. The cells were serum starved and stimulated with IGF-I (0, 5, or 100 ng/mL) for 10 min. The cells were fixed and stained with both anti-phospho-caveolin-1 and anti-IGF-IR antibodies. Immunofluorescence confocal microscopy was done. Columns 3 and 5, magnified fields indicated by squares in columns 2 and 4, respectively. B, HEK293 cells were transfected either with empty vector (mock) or with wt or DN forms of Mdm2 or c-Cbl. The cells were serum starved and stimulated as in A . After immunoprecipitation of phospho-caveolin, the samples were analyzed for IGF-IR and caveolin by Western blot. Caveolin from total lysate was used as a loading control. The experiments were repeated with similar results.
It has also been shown that the adapter protein h-arrestin, responsible for bringing the Mdm2 ligase to the IGF-IR (4, 9) , is important for regulating the clathrin-mediated endocytosis of the receptor (37) , and that tyrosine-phosphorylated c-Cbl and c-Cbl-associated protein are recruited to lipid rafts (38) . Based on these findings, we hypothesized that Mdm2-and c-Cblmediated ubiquitination of IGF-IR may induce different internalization pathways.
Interestingly, our results show that IGF-IR has two alternative internalization pathways that are dependent on ligand dosage. The emergence of IGF-IR/phospho-caveolin colocalization correlates with the IGF-IR/Cbl colocalization, and IGF-IR/EEA-1 interaction resembles IGF-IR/Mdm2 interaction. The fact that c-Cbl inhibition abolishes the colocalization of IGF-IR with phospho-caveolin supports the idea that Cbl-mediated IGF-IR ubiquitination is crucial for IGF-IR internalization via the lipid raft pathway. Accordingly, the IGF-IR/phospho-caveolin colocalization increases on c-Cbl overexpression; however, this interaction is abrogated after Mdm2 overexpression, which suggests that endogenous c-Cbl may be negatively regulated by the high levels of Mdm2.
Our results also indicate the involvement of Mdm2/IGF-IR interaction in the clathrin-dependent internalization pathway. Conversely, we also show that endogenous Mdm2 may be negatively inhibited by c-Cbl overexpression.
Taken together, Mdm2-mediated IGF-IR ubiquitination targeted the receptor to endosomes, whereas c-Cbl-mediated IGF-IR ubiquitination was internalized via the caveolin/lipid raft route.
It remains to be determined whether the choice of internalization route depends directly on the association of the ligase with putative adapter proteins important for these internalization pathways or if the endocytic pathway route depends directly on the canonical versus noncanonical ubiquitination of the target. The effect of the two different pathways on the biological functions of IGF-IR warrants further investigation.
In conclusion, the results presented in this study show that both Mdm2 and c-Cbl are E3 ligases associating with and polyubiquitinating the IGF-IR in response to ligand stimulation. However, they differ in their responsiveness to ligand stimulation and ubiquitin lysine residue specificity in linkages of the polyubiquitin chains. From a functional point of view, they mediate different endocytic pathways. The interplay between Mdm2 and c-Cbl in the ubiquitination of IGF-IR may be important in cancer biology and requires further investigation. In addition, the identification and functional characterization of new E3 ligases ubiquitinating growth regulatory molecules are important because therapeutic targeting of substrate-specific E3 ligases is likely to represent a new strategy in cancer treatment (39) (40) (41) .
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